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ABSTRACT
Context. Suprathermal tails are a common feature of solar wind electron velocity distributions, and are expected in the solar corona.
From the corona, suprathermal electrons can propagate through the steep temperature gradient of the transition region towards the
chromosphere, and lead to non-Maxwellian electron velocity distribution functions (VDFs) with pronounced suprathermal tails.
Aims. We calculate the evolution of a coronal electron distribution through the transition region in order to quantify the suprathermal
electron population there.
Methods. A kinetic model for electrons is used which is based on solving the Boltzmann-Vlasov equation for electrons including
Coulomb collisions with both ions and electrons. Initial and chromospheric boundary conditions are Maxwellian VDFs with densities
and temperatures based on a background fluid model. The coronal boundary condition has been adopted from earlier studies of
suprathermal electron formation in coronal loops.
Results. The model results show the presence of strong suprathermal tails in transition region electron VDFs, starting at energies of
a few 10 eV. Above electron energies of 600 eV, electrons can traverse the transition region essentially collision-free.
Conclusions. The presence of strong suprathermal tails in transition region electron VDFs shows that the assumption of local ther-
modynamic equilibrium is not justified there. This has a significant impact on ionization dynamics, as is shown in a companion
paper.
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1. Introduction
Suprathermal tails are a commom feature of solar wind elec-
tron velocity distributions (VDFs). Lin (1998) has identified
different components, a thermal core, an extended suprather-
mal halo, and a superhalo with energies up to tens of keV.
Maksimovic et al. (1997) have shown that kappa distributions
provide better fits to solar wind suprathermal electron VDFs than
sums of Maxwellian distributions. Kappa distributions can also
be considered as equilibrium states in non-extensive statistical
mechanics (Leubner 2004; Livadiotis & McComas 2013).
While direct observations of suprathermal electron VDFs
are only possible in situ in the solar wind, several models pre-
dict a coronal origin. They are, for example, based on coro-
nal turbulence (Roberts & Miller 1998), obliquely propagating
finite-amplitude electromagnetic waves (Viñas et al. 2000), or
nanoflares (Che & Goldstein 2014). In the corona, a suprather-
mal electron population can lead to non-local effects through
velocity filtration, including heat fluxes against a temperature
gradient (Scudder 1992a,b). The existence of suprathermal elec-
trons corresponds to plasma states away from thermal equi-
librium, whose influence on ion charge states has been dis-
cussed by Cranmer (2014), and for the solar wind model of
Pierrard & Pieters (2014).
Vocks et al. (2005) have developed an electron kinetic model
for the solar wind that aims at understanding the formation of a
suprathermal electron component from an initially Maxwellian
distribution through resonant interaction with a given whistler
wave spectrum. It is based on solving the Boltzmann-Vlasov
equation, including the effects of Coulomb collisions and res-
onant electron – whistler wave interaction. The wave spectrum
has been chosen as a power law representing the high-frequency
tail of wave spectra associated with coronal heating. The re-
sults showed that such a set-up indeed leads to the formation of
suprathermal tails in the electron VDF as a by-product of coronal
heating.
Vocks et al. (2008) applied the same model on the closed vol-
ume of a coronal loop in order to better understand the suprather-
mal tail formation, without the open boundary conditions of the
outer heliosphere. Indeed, they showed that power law-like elec-
tron VDFs are formed in the keV energy range. This loop model
covers only a spatial domain with relatively high transition re-
gion temperatures near the loop footpoints; the actual transi-
tion region was largely excluded. This was necessary in order
to avoid excessive computer costs associated with small elec-
tron thermal speeds and strong spatial density and temperature
gradients there. These simulations confirmed that the quiet solar
corona is capable of producing a substantial suprathermal elec-
tron population.
The hot corona and the cool chromosphere are only sepa-
rated by a thin transition region. Coronal suprathermal electrons
are not supposed to stop there. Owing to the v4-dependence of
Coulomb collisional mean free paths on electron speed, v, elec-
trons with sufficiently high energy are capable of traversing the
transition region and even entering the cooler and denser chro-
mosphere.
In this paper, we investigate how such suprathermal electrons
propagate from the corona through the transition region into the
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chromosphere. The expectation that suprathermal electrons from
the corona can cross the transition region towards the chromo-
sphere, combined with the strong temperature gradient of the
transition region, leads to the expectation that transition region
electron VDFs can substantially deviate from Maxwellians.
We investigate the evolution of an electron VDF through the
strong temperature gradient of the transition region. The results
of this study can be used as input to calculate ionization states of
transition region ions. The extent and the implications of this
influence of suprathermal electrons on transition region ions,
e.g. concerning the analysis of EUV spectra, will be discussed
in a companion paper.
2. The model
The electron kinetic model used here is based on the coronal loop
model of Vocks et al. (2008). This is a Boltzmann-Vlasov code,
including Coulomb collisions with both electrons and ions, and
resonant interaction with whistler waves. The assumption of gy-
rotropic electron VDFs not only reduces the number of velocity
coordinates from 3 to 2, but also eliminates the spatial coordi-
nates perpendicular to the background magnetic field. Only the
spatial coordinate along a magnetic field line needs to be consid-
ered.
The simulation box is now located just below the loop model
of Vocks et al. (2008). So the new model is an extension of the
old one, with a simple simulation box that covers the transition
region and the uppermost chromosphere. Owing to its small spa-
tial scale, the magnetic field topology and its spatial variation
do not need to be considered here. The spatial coordinate of the
simulation box is just oriented in the vertical direction, for a con-
stant magnetic field. Its field strength is the same 136 G as for the
old model loop footpoint, but the actual value has no influence
on the results of the new model.
Resonant interaction with whistler waves is also not consid-
ered here; the “frequency sweeping” mechanism (Tu & Marsch
1997; Vocks & Mann 2003) would require a magnetic field vari-
ation along the spatial coordinate. Furthermore, this paper is fo-
cused on propagation effects of suprathermal electrons in the
transition region, and the influence of Coulomb collisions on
electron VDFs in cooler and denser solar atmospheric regions.
The kinetic model is based on calculating the temporal evolution
of the electron VDF, using the Boltzmann-Vlasov equation,
∂ f
∂t
+ (v · ∇) f + [meγg − e(E + v × B] · ∂ f
∂p
=
(
δ f
δt
)
coll
, (1)
until a final steady state has been reached. The parameters g
and E represent respectively the gravitational and charge sep-
aration electric field, B is the background magnetic field, γ =√
1 + p2/(mec)2 is the Lorentz factor, e is the elementary charge,
and me is the electron rest mass. The term on the right-hand side
represents the Coulomb collisions. This Vlasov kinetic electron
model requires a background model for the ions, and also for the
electrons as an initial condition inside the simulation box. A tran-
sition region temperature profile needs to be prepared and hydro-
static equilibrium then provides a density model. Since there are
no heat sources or sinks in the model, a constant heat flux has to
be assumed. The classic Spitzer T 5/2 law of thermal conductivity
in a plasma then leads to the following temperature profile in a
plasma slab,
T (s) =
(
T 7/2l +
s − sl
∆s
(T 7/2u − T 7/2l )
)2/7
, (2)
Fig. 1. Temperature profile of the transition region background model.
with Tl and Tu as lower (chromospheric) and upper (coronal)
boundary temperatures, sl as the location of the border between
the chromosphere and the transition region, and ∆s as the transi-
tion region thickness. This leads to a steep temperature gradient
at low temperatures. Below the transition region, the chromo-
spheric temperature profile from Fig. 3 of Gary et al. (2007) has
been adopted, which is based on data from Peter (2001). The
lower boundary of the simulation box is located in the uppermost
chromosphere, so just the temperature there and the height of the
transition region temperature jump had to be copied. The spatial
scale of the model transition region from the chromosphere, with
Tl = 1.1 104 K, to a coronal temperature level, Tu = 1.4 106 K,
is set to ∆s = 500 km.
Figure 1 shows the resulting transition region temperature
profile. An extreme temperature gradient can be seen at lower
temperatures, just above the chromosphere, with temperature
changes of the order of 104 K on just a few meters. Accord-
ing to Lie-Svendsen et al. (1999), however, the classical heat
flux law is still applicable in the strong temperature gradi-
ent of the transition region, although the presence of a strong
enough suprathermal electron population can lead to deviations
from classical Spitzer conductivity (Dorelli & Scudder 1999;
Landi & Pantellini 2001; Dorelli & Scudder 2003).
The initial condition for solving the Boltzmann-Vlasov equa-
tion (1) is then provided by Maxwellian VDFs based on the
temperatures and densities of the background model inside the
simulation box. The kinetic model also needs given values for
the electron VDF at the spatial boundaries of the simulation
box. For the lower boundary, this is just a Maxwellian VDF
with the density and temperature of the background model. For
the upper boundary, the resulting VDF from the loop model
of Vocks et al. (2008) with its suprathermal tail is used. The
downward-propagating part of the electron VDF at the footpoint
of the loop model is used as the upper boundary condition for
the transition region model presented here.
This electron VDF is displayed in Fig. 2. The downward
moving (p‖ < 0) electron population with a strong suprathermal
tail can be seen. The elongated shape of the VDF is the result
of suprathermal electron production by resonant interaction with
whistler waves, as discussed in Vocks et al. (2008). The reason
for the strong phase-space gradient near p‖ = 0 is that in the
model of Vocks et al. (2008), this VDF was obtained as result
near the loop footpoint where a Maxwellian VDF was provided
as a boundary condition entering the loop (p‖ > 0). This is not
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Fig. 2. Electron VDF at the upper boundary of the simulation box. The
isolines are chosen in such a way that they form equidistant circles for a
Maxwellian VDF. A coronal temperature of T = 1.4 106 K corresponds
to a thermal momentum pth =
√
mekBT = 0.015 me c.
Fig. 3. Electron VDFs parallel (solid line) and perpendicular (dotted
line) to the spatial coordinate, and Maxwellian VDF (dashed line) for
reference.
relevant here, since these electrons are not entering the transition
region simulation box.
Figure 3 shows cuts through the upper boundary electron
VDF, both parallel and perpendicular to the background mag-
netic field, i.e. the spatial coordinate in vertical direction. For
the parallel direction, p‖ < 0 is plotted. The comparison with
a Maxwellian VDF demonstrates the increase in electron fluxes
between p = 0.05 me c and p = 0.2 me c, which corresponds
to electron energies of 0.6 - 10 keV. These are the suprathermal
electrons that enter the transition region simulation box.
Fig. 5. Pitch-angle averaged electron VDFs for different transition re-
gion temperature levels (solid lines), and background Maxwellian VDFs
(dashed lines).
3. Resulting electron VDF inside the transition
region
After the preparation of initial and boundary conditions, the
Boltzmann-Vlasov equation (1) is used to calculate the temporal
evolution of the electron VDF inside the simulation box until a
final steady state has been reached. A simulation time of 0.1 s
is sufficient. It allows even chromospheric thermal electrons to
traverse the simulation box multiple times.
Figure 4 shows the resulting transition region electron VDFs
for nine different temperature levels. The background tempera-
tures also become apparent as sizes of the thermal cores of the
VDFs. Owing to the v−3-scaling of Coulomb collision frequen-
cies with electron speed, v, the cores are collision-dominated,
and the VDFs there quickly approach the Maxwellians of the
background model. On the other hand, the overall shapes of the
VDFs hardly change at higher energies, which is to be expected
from the longer collisional mean free paths there.
For a better assessment of the suprathermal electron popula-
tion, the VDFs can be pitch-angle averaged. Figure 5 shows plots
of the resulting phase space densities for the same nine transi-
tion region temperature levels. Maxwellian VDFs with the same
background densities and temperatures are plotted as dashed
lines for reference. For a better comparison of VDFs with dif-
ferent background densities and temperatures, the plotted values
are not normalized but are shown in absolute units (kg−3m−6s3).
An electron momentum of p = 0.1 me c corresponds to a
kinetic energy of 2.5 keV. The energy range of the suprathermal
electrons shown here therefore covers a few tens of eV up to a
few keV.
It can be seen that the phase-space densities are the same
for all temperature levels above an electron momentum of p =
0.05 me c, which corresponds to an energy of 640 eV. These
electrons are essentially collision-free in the transition region,
and can traverse it unaffected. For lower energies, the electron
VDFs change with background temperature, as Coulomb col-
lisions bring them closer to their respective Maxwellians. But
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Fig. 4. Electron VDFs for nine different transition region temperature levels, displayed as in Fig. 2.
even down to an electron momentum of p = 0.01 me c (25 eV),
all lines are relatively close to each other.
The line for the lowest temperature of 12,000 K, which
already corresponds to the upper chromosphere, is notewor-
thy. The phase-space density is significantly lower above p =
0.01 me c (25 eV) than for the next higher temperature level,
which is spatially very close (see Fig. 1). Here, the rapid absorp-
tion of low-energy electrons in the cool and dense chromospheric
plasma becomes evident.
This change in the VDF through the transition region leads to
an evolution of the relative strength of the suprathermal tails as
compared to the background density. The fraction of electrons
with momentum greater than 3 times the thermal momentum,
p > 3pth, with pth =
√
mekBT , is displayed in Figure 6. With
decreasing temperature within the transition region, this fraction
first increases. This is due to the small change in the VDF at
suprathermal energies that was noted above, combined with a
decreasing temperature, which lowers pth, so that a larger frac-
tion of the phase space is considered “suprathermal”.
In the lower transition region, however, at temperatures be-
low 50,000 K, this trend reverses. A local maximum is reached,
with 4.2% of the electrons being in the suprathermal tail of the
VDF. Towards the chromosphere this fraction decreases rapidly
and approaches 2.5%. This is close to the value of 2.9% that cor-
responds to an isotropic Maxwellian VDF. The slight deviation
from this value is due to the anisotropy of the VDF that is visi-
ble in Fig. 4. This decrease is the consequence of the rapid ab-
sorption of low-energy electrons at energies below 25 eV which
can be seen in Fig. 5 for the lowest temperature. The remain-
ing suprathermal tail of the VDF at energies above 25 eV does
not contribute significantly to the fraction Nsuprathermal shown in
Fig. 6.
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Fig. 6. Fraction of suprathermal electrons with momentum exceeding
3× the thermal momentum, as a function of transition region tempera-
ture.
Fig. 7. Temperature profile of the modified transition region background
model.
4. Influence of the transition region background
model
The strong absorption of electrons in the energy range of a few
10 eV indicates that the thickness of the model transition region
itself may have a strong influence on the resulting suprathermal
electron fluxes. In order to investigate this, we run a second sim-
ulation with a slightly modified model transition region with a
flatter temperature profile. It is based on exponents 5/2 rather
than 7/2 (Eq. (2)), as if the plasma thermal conductivity scales as
T 3/2. This choice is arbitrary, although it corresponds to the neu-
tral hydrogen thermal conductivity that contributes to the ther-
mal structure of the chromosphere and lowest transition region
at temperatures T < 1.5 104 K (McClymont & Canfield 1983).
The model transition region is now much thicker, see Fig. 7.
Figure 8 shows the resulting pitch-angle averaged transition
region electron VDFs for similar temperature levels as in the pre-
vious section. The comparison with the earlier results shows lit-
tle difference for higher electron momentum above p = 0.05 me c
(640 eV), but for lower energies the phase-space densities are
substantially lower and stay close to their respective Maxwellian
cores. This shows that the transition region model thickness has
a strong influence on suprathermal electron fluxes in the en-
ergy range of a few 100 eV. Because of the v4-dependence of
Coulomb collisional mean free paths, a thicker transition region
Fig. 8. Pitch-angle averaged electron VDFs for different transition re-
gion temperature levels (solid lines), and background Maxwellian VDFs
(dashed lines), for the modified transition region temperature profile.
allows for the absorption of suprathermal electrons with lower
speed.
5. Discussion and summary
Our kinetic model results demonstrate that electron VDFs in the
transition region are far away from a local thermodynamic equi-
librium state with a Maxwellian VDF. There are strong fluxes of
suprathermal electrons from the corona which can traverse the
transition region essentially collision-free at energies above 600
eV.
The details of such transition region suprathermal electron
fluxes depend on the coronal electron VDF, but even without a
suprathermal electron population there, the coronal temperature
of 1.4 × 106 K can be expected to lead to suprathermal tails in
transition region electron VDFs.
It has been found that the transition region electron phase-
space density surpasses that of a Maxwellian for energies of a
few 10 eV and above. This energy range is crucial for the ioniza-
tion dynamics and EUV line formation in the transition region.
The exact values of phase-space densities, and therefore
electron fluxes, depend on the transition region model. A thicker
transition region leads to more suprathermal electron absorption,
especially in the energy range up to a few 100 eV. However, the
general result is model-independent: Transition region electron
VDFs show significant suprathermal tails; they are far away from
a Maxwellian except for the collision-dominated thermal core.
This can have significant influence on the analysis of EUV
data. A study of the impact of the suprathermal electron popu-
lation on transition region ionization dynamics is presented in a
companion paper (Dzifcˇáková et al. 2016).
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